This study examined logging damage to non-targeted neighbouring plant species and the forest ecosystem in a tropical forest in Ondo State, southwest Nigeria. Tree growth variables were recorded before and after felling, as was the number of crosscut logs. All plant species damaged during harvesting were enumerated and identified and the nature and level of the damage was also determined. Data providing demographic information, causes of damage to residual plants and measures to reduce the damage were obtained from the loggers using questionnaires. Data were collected on selective logging of 41 tree species. Despite selective logging practices, during felling, plants were damaged, soil compacted and the ecosystem disturbed. The observed damage to residual trees and seedlings ranged from 5% to 70% and it is therefore concluded that reduced impact logging and training of loggers is necessary to minimise the impacts.
Introduction
The term logging is the sum of all the processes, operations and activities that make it possible for mature trees to be extracted for onward transmission to factories or places of secondary conversion (Ogbonnaya 2002) . It encompasses tree felling, de-branching, cross-cutting, skidding, loading and primary transportation. Logging is a very lucrative business in Nigeria today and provides employment for many Nigerians. Each of the above activities related to logging has considerable impacts on the livelihoods of many people. In Nigeria, while a selective system is the predominant method of logging in the free areas, clear felling through allocation of forest compartments to concessionaires is common in forest reserves. Mature trees of the desired economic species are identified and removed. In the government reserves, logging is controlled by policies and laws enforced by the State Department of Forestry, and these must be strictly adhered to by both loggers and concessionaires. Government control on logging in the free areas is limited to the issuance of permits or licenses to loggers after payment of all necessary fees (Adetula 2008) . Currently, the removal of timber occurs in an uncontrolled manner, without strict adherence to the laws or payment of appropriate fees and levies. Such illegal operations are termed 'illegal logging' (Pfeil et al. 2007 ). Furthermore, logging operations are responsible for forest destruction in Nigeria; therefore, sustainable logging is ipso facto necessary and desirable to attain an appropriate and socially acceptable level of deforestation.
Severe damage is usually inflicted on the forest ecosystem during logging activities. The damage includes forest soil compaction, damage to other trees and plants, cutting of seedlings, trampling, wildlife killing or chasing away and encroachment into opened forest by land grabbers. *Corresponding author. Email: adewoleolagoke@gmail.com These forms of damage are aggravated through insufficient planning, improper operational techniques, lack of operational skill, loggers' level of competence and lack of serviceable modern felling tools (Eroglu et al. 2009 ). According to Panayotou and Ashton (1992) about 340 trees, including saplings and wildlings of economically valuable species, are destroyed for every tree extracted from lowland tropical forests in Malaysia.
Timber harvesting with insufficient planning, improper operational techniques and lack of control of operations results in severe damage to forest soil, forest trees and seedlings (Akay et al. 2007; Eroglu et al. 2009 ). The only available felling tool in Nigeria is the motorised or power chainsaw, but dragging of felled trees, packing into gantries and loading into lorries are generally done manually with chains and winches. These processes are primitive and tedious, and have the potential to disrupt the ecosystem (Olajide and Udo 2005) . In addition, there is usually vegetation destruction during road construction for transportation of logs and construction of gantries. As a result, many standing young trees, saplings and wildlings of economic value are destroyed. Adekunle and Ige (2006) view logging as a major agent of biodiversity loss, OlaAdams (1994) reported that about 17.74% of residual trees suffer logging damage and about 8.00% of virgin ground is left bare and damaged after felling operations. These forest operations neglect the principle of sustainable forest management. Thus, proper forest harvesting, well-planned logging techniques, review, execution and enforcement of logging policies and adoption of reduced impact logging are essential for achieving sustainable forest management in Nigeria. This will substantially reduce the impacts of logging on the vulnerable environment. Moreover, appraisal of the extent of logging activities and the impact of logging on the residual plant species is required to promulgate and enforce operational and appropriate logging policies in Nigeria. This study therefore investigated the calamitous impacts of logging on residual trees, neighbouring plant species and wildlings in the tropical rain forest ecosystem in southwestern Nigeria. This can be achieved by assessing the causes and the colossal extent of damage to the trees and plant species during logging activities. Precautionary measures employed by the loggers to minimise damage to other non-targeted plants were also explored and appropriate strategies for sustainable logging practices in the state are recommend. • N. It is located within the rain forest ecological zone (Onyekwelu et al. 2005 ), which has been described in detail by Nwoboshi (1982) , Okojie (1996) and Adekunle (2002) . The climate is the humid sub-tropical, indicating that the reserve is basically within the tropical rain forest zone, which is dominated by broadleaf hardwood trees that form dense layered stands.
Methods

Study area
Data collection
A total of 41 economic, indigenous and high value timber species allocated to loggers and available for felling were selected, clearly marked and numbered before felling. Total heights and diameters at the base, middle, top and at breast height (DBH) of the selected trees were measured before felling. The surrounding residual plants and the condition of the environment were observed closely and noted prior to felling of marked trees. Post-felling damage to the affected residual plants was assessed as follow:
(1) Herbs: damaged herbs were identified and counted according to species, noting the types and levels of damage, and expressed as a percentage. (2) Shrubs, trees and tree branches: The species were identified, enumerated and their height and diameter at the base, middle, top and DBH measured. Broken tree branches with a diameter ≥10 cm were also measured and their frequencies noted.
Plant species identification
The botanical names of the trees to be felled and those affected by felling were recorded at the felling sites. In cases where a botanical name was not known, it was identified by its local name. The local names were translated to correct botanical names using Gbile (1984) and Keay (1989) .
Tree stem damage assessment
The three damage measures used by Eroglu et al. (2009) and Weimin et al. (2008) were employed to quantify stand-level damage severity. These are percentage of stems damaged, percentage of basal area lost and a 'stand-level damage index'. As tree stems often suffered multiple damage types and events, we created an 'integrated stem damage code' by combining all information/indices of uprooting, breakage, leaning and leaned on into a single code ranging from 0 to 3. We defined a damaged stem as code 3 if the tree sustained severe damage (i.e. completely uprooted, ≥90% canopy lost or leaning towards the ground); code 2 if a tree sustained substantial damage (i.e. partially uprooted, 35-90% canopy loss, leaning but supported by other trees or pinned on the ground by fallen neighbours); and code 1 if a tree sustained modest damage (i.e. 10-35% canopy loss, leaning >10% or bent with >10% crown displacement). Code 0 was used for minor or no damage. The integrated stem damage code reflects multiple damage attributes for a stem and therefore should more accurately reflect tree damage status than the individual components assessed.
Logger experience and reports on causes of logging damage to non-targeted plants
The questionnaire survey of 40 professional tree loggers, popularly referred to in Nigeria as 'operators', was designed to collect information on the demographic characteristic of the loggers, major causes of damage to other trees and seedlings during felling operations and precautions to mitigate such damage. The questionnaires were filled in by the loggers and retrieved on the spot. An intensive interaction was carried out with key informants such as forest guards and government officials involved in logging activities and the enforcement of forest laws, especially those involved in logging in the state.
Data analysis Tree species classification and frequency
The botanical name of every living tree with a DBH ≥ 10 cm encountered in each field plot was recorded. Each tree was recorded individually in the field forms; palms and vines were not measured and efforts were made not to omit any eligible stem in a plot. All plants were classified to family and the number of species in each family was obtained for tree diversity classification. Species relative densities were estimated and expressed as a percentage.
Basal area and volume calculation
The basal area of each standing tree and of damaged trees were estimated using the formula of Avery and Burkart (2002) :
The corresponding volumes were obtained using the Newton formula of Husch et al. (2003) :
where H is the height (m), D the DBH (m), D b the diameter at base, D m the diameter at middle, D t the diameter at top and π = 3.142. Data obtained for this study with the questionnaires were subjected to descriptive statistical analysis in form of frequency percentage distribution and ranking of responses. The chi square non-parametric test was used to test for association between respondents' educational level and logging efficiency, respondents' years of experience and level of tree and seedling damage.
Results
The results enumerated in Table 1 show the taxonomy and growth variables of the harvested 41 timber species. Among these, Ceiba pentandra had the highest frequency (nine trees), followed by Cordia millenii (six trees), with minimum of one tree each of Ricinodendron heudelotii, Khaya ivorensis, Antiaris africana and Mansonia altissima felled. The study revealed that two species of Combretaceae, Sterculiaceae and Caesalpinaceae and of eight other families (Bombacaceae, Boraginaceae, Apocynaceae, Euphorbiaceae, Sapotaceae, Meliaceae, Mimosaceae and Moraceae) only one species was felled during the period of study. Khaya ivorensis had the highest mean DBH and mean volumes of 122 cm and 71.23 m 3 , while Ceiba pentandra had the highest total DBH and mean basal areas of 1017 cm and 1.19 m 2 . The least mean and total DBH, basal area and volume were obtained for Mansonia altissima. The results of this study show that an average of three trees was removed per species. The mean DBH, basal area and volume of timber production in the study area therefore was 93.12 cm, 0.79 m 2 and 20.07 m 3 . The taxonomy and growth variables of damaged tree species during logging activities are presented in Table 2 . The observation recorded during the study revealed that 154 standing stems belonging to 26 tree species were damaged in the process of logging. Cola gigantea had the highest frequency among the damaged species (47 trees), followed by Allophylus africanus (27 trees), and Terminalia superba (20 trees). Apart from Ricinodendron heudelotii, whose frequency was 11, other damaged species had a frequency of less than 10. Damage was done to only one stem each of 11 tree species. A total of 38.00% of the affected trees belonged to the Sterculiaceae, which was represented by five species, while 14.00% belonged to Combretaceae, represented by two species. Excluding Caesalpinaceae, Mimosaceae and Ulmaceae, have two species each that were also among the damaged tree species, only one species each of the other families was damaged during the logging processes in the study area. While C. gigantea About 26.00% of the damaged trees had attained merchantable size, with individual trees having a DBH of >48.00 cm. The undergrowth damaged during tree felling processes in the study area is presented in Table 3 .
During the study, 1571 economic plants (four species) were destroyed on the felling sites during logging operations. These are the major plant species occupying the forest floor of tropical rain forest ecosystems of southwest Nigeria, especially where there is good light penetration. Chromolaena odorata, an invasive plant species in Nigeria, was common, followed by Pennisetum purpureum and Palisota hirsute, while Thaumatococcus daniellii was least affected.
The common causes of damage to residual plants during logging activities were obtained from the respondents (Table 4 ). All tree fellers claimed to be using power Note: * Total figure can be higher than 100% because some respondents made more than one choice. chainsaws for felling of trees. The majority of them (35%) reported felling flaws or incorrect determination of felling direction as the first causes of damage to non-target plants during felling. This was followed by 25% who lamented that some tree fellers (chainsaw operators) are not competent enough to handle felling machinery. These are the set of operators without training or skill. Other reported causes of damage to plant species include a lack of control over the wind and the falling force of trees, which make controlling the direction of fall very difficult to control, and non-removal of climbers and lianas attached to trees to be felled. The presence of obstructions, such as rocks, river courses, etc. close to the trees to be felled was also reported by a few respondents (3%) as a cause of damage to plant species. Table 5 shows the types and severity of damage caused by the felled trees on other trees and seedlings during this study. The observation and assessment of felling sites was corroborated by the respondents' (tree loggers and forest guards) reports on the types and levels of damage to residual plants. The commonly encountered damage to residual plants was total removal and clearing of trees and vegetation on the route and close to trees to be felled. This affected about 42% of total trees that were logged (Table 5 ). Uprooting of trees by the loggers during skidding and road construction and by the felled logs accounted for about 27.5% of total damage. Another important type of damage is falling on other trees of the felled trees (25.3%) and in the process, breaking the boles and branches. Trees that were leaning and leaned on as a result of felling were less pronounced (5.3%). As tree stems often suffered multiple damage types and events, the integrated stem damage code was used by combining all information/indices of uprooting, breakage, leaning and leaned on. The results show that the highest proportion (52%) of total damaged trees was in scale 3, followed by 34% in scale 2, 10% in scale 1 and only 4% in scale 0. The frequency with which the respondents mention a certain type of damage (%) to non-targeted trees and undergrowth from each of the logging operations is ranked and presented in Table 6 . Highest damage, as observed in the field, occurred during road construction. This was corroborated by the majority of the respondents (40%) and by government agents in charge of log control. This was followed by the huge damage attributed to felling, as observed and reported by 33.33% of respondents and forest guards. Minimal damage was recorded during skidding/loading and gantry construction according to the remaining respondents. Loggers' perception of the deleterious impacts of logging activities to the forest ecosystem is presented in Table 7 . The highest proportion of respondents (63%) indicated that they were aware that logging operations could result in soil compaction, erosion and infertility. A total of 55% were conscious that logging could cause deforestation and ecosystem destruction and 43.00% expressed their knowledge of severe injuries caused to neighbouring trees, seedlings and understorey plants during logging operations. About 23% of loggers reported the implications of logging activities on wildlife. The loggers suggested some measures for reducing logging damage to untargeted trees and the entire forest ecosystem (Table 8 ). The results show that 80% of respondents favoured proper determination of felling direction, particularly in areas with sparse tree populations, as the most important damage-reducing measure during tree felling. The second proposal was the use of competent and well-trained tree fellers (73%) and stopping felling when the wind is strong and weather conditions are not favourable (63%). The remaining 55% considered that engaging experienced skidding operators and prohibition of the use of heavy log evacuation equipment (40%) were other common measures that could be used to minimise logging damage. The demographic characteristics of the loggers are shown in Table 9 . The majority of tree loggers (92.5%) were married. The age group 31-40 years was most common (37.5%), with a range of ages from 20 to 60 years involved in logging. Only 2.5% of loggers did not have some formal education. Among loggers, 52.5% have been loggers for 10 years and only 25% were skilled in timber felling. The remaining loggers came to the profession through their friends (37.5%) and through wood-based industries (17.5%). The results of this study also show that the majority of the operators (95%) had no training; their skills increased according to the time spent on the job. Generally, the performance efficiency on a particular job strongly depended on the number of years of experience, their age and education level.
Discussion
The flourishing timber industry has evidently grown beyond the forests' regeneration capacity, with poor conventional harvesting practices and the wanton destruction of forest ecosystems during logging operations, which are undoubtedly inimical to sustainability of forest resource management. Most of the seedlings and saplings are severely damaged (when cut, trampled or uprooted) during logging operations, reducing their natural ability to successively replace the harvested trees in the future. This present study has clearly revealed that major damage is done to the remaining trees during felling and transportation of the targeted tree species. Clatterbuck (2006) corroborated the occurrence of such damage and further stressed that residual tree species are devalued and may not recover to become better grade timber. Limbeck-Lilienau (2003) noted that fungal infections and decay are common when trees are wounded. Hence, logging damage, especially bole-breakage, stem splitting and debranching, could lead to fungi infections and decay of damaged tree species and open the door for other pathogens to infest the trees. Some tree species that are mildly injured could recover from the stress inflicted during logging activities.
The socio-economic characteristics of the loggers show that the majority have good experience, education and are mature, attributes that have contributed to their present expertise. Nevertheless, adequate training could improve their competence and further reduce the destruction of the ecosystem during logging activities. The results of this study also revealed that the loggers are aware of the damage caused to the forest ecosystem during logging. This is in conformity with reports of other authors (Ogbonnaya 2002; Eroglu and Acar 2007; Eroglu et al. 2009 ), which indicated that damage to residual stands due to timber harvesting involve tree felling, hauling of logs, road construction and log transportation. Bruenig (1996) and Dykstra and Heinrich (1996) noted that between 30% and 75% of logged areas can be seriously affected by roads, tractor trails, landings or just through bulldozers. A similar trend was found in the present study, which revealed that the Bruenig (1996) stated that excessive skidding and log transportation could lead to excessive soil compaction and erosion. This leads to unsustainability of felling cycles of 25-50 years, and cycles of 60-100 years are more realistic. Nonetheless, skid trails and skidding cannot be dispensed with during log extraction, although skidding damage could be minimised by planning the trails and utilising optimum trail spacing. Now that timber harvesting has become a very lucrative venture, damage can only be abated by taking precautions and through adequate training of loggers. The working practises and experience of chainsaw operators and skidders can considerably minimise logging damage. Maintaining a minimum number of straight skidding trails and directional felling of trees towards skidding trails and away from areas of dense plant species are critical among the suggested measures to avert logging damage. In addition, proper forest harvesting, especially well-planned logging techniques are required to maintain site productivity and ensure sustainable management of forest resources (Dykstra and Heinrich 1992) . Eltz and Bruhl (2001) have confirmed that reduced impact logging causes less direct damage to the environment compared to conventional practices, and this should be promoted, especially in developing countries such as Nigeria.
Conclusions
The results of this study show that logging activities are causing obvious damage to neighbouring plant species. Damage was recorded during felling, skidding gantry and road construction. Most of the damage was attributed to excessive and indiscriminate logging, use of inexperienced tree fellers and skidders and lack of adequate training. Forest clearance during road construction causes more havoc to the environment than the fallen trees. Bole breakage and splitting, leaf removal, suppression of herbs and soil compaction are the dominant types of damage to residual plants and the ecosystem during logging. Loggers are fully aware of the adverse impacts of continuous logging activities on the ecosystem. However, skill and taking all necessary precautions during logging operations could potentially reduce the amount of damage associated with timber harvesting. Reduced impact logging and other ecofriendly harvesting techniques, as practiced in developed countries, are the viable methods to reduce the impact of logging activities on the ecosystem. Training of loggers and other forestry workers on the need for sustainable logging practices and imposition of heavy fines on loggers in relation to the amount of damage incurred at each felling sites are recommended as means of curtailing the damage and promoting sustainable forest management.
